had no significant effect. While specific values reported herein depend on microanatomy and electrode location in each case, we conclude that PFM with short duration biphasic pulses should form the foundation for further optimization of stimulus encoding strategies for vestibular prostheses intended to restore sensation of head rotation.
I. INTRODUCTION
A. Background P ROFOUND bilateral loss of vestibular sensation disables vestibulo-ocular and vestibulo-spinal reflexes that normally stabilize gaze and posture [1] . Affected individuals suffer oscillopsia (illusory movement of the visible world during head motion), postural instability, and chronic disequilibrium [2]- [6] . Apart from vestibular rehabilitation exercises designed to augment deficient vestibular reflexes via central adaptation, there is no definitive treatment for individuals disabled by profound bilateral vestibular sensory loss. Normally, both eyes rotate opposite the direction of head rotation in order to stabilize images on the retinae. This compensatory rotation is driven by the vestibulo-ocular reflex (VOR), for which sensory input is provided by three mutually orthogonal semicircular canals (SCC) in each inner ear's vestibular labyrinth. Discharge rates of vestibular afferent fibers in each SCC's ampullary nerve are modulated by the component of head angular velocity about that SCC's axis [1] , [7] - [9] . Classic studies by Cohen, Suzuki et al. [10] - [13] revealed that selective electrical stimulation of a single ampullary nerve elicits extraocular muscle activation patterns that rotate both eyes about the axis of that SCC. Drawing on those results, Gong and Merfeld et al. designed the first prototype vestibular prosthesis intended to partially restore vestibular function in otherwise normal guinea pigs and squirrel monkeys rendered unresponsive to head rotation by surgical plugging of SCCs [14] - [20] . By delivering biphasic, symmetric, charge-balanced pulses at rates modulated by a single-axis head-mounted gyroscope in these animals, the device generated partly compensatory eye movements for head rotations about the gyro's axis of rotational sensitivity.
We extended this approach to a multichannel vestibular prosthesis capable of sensing and encoding 3-D head rotation via stimulation of all three ampullary nerves in the labyrinth [21] - [24] . In those studies, we encountered several design trade-offs impacting the dynamic range over which the device accurately encodes both head velocity amplitude and axis. For example, increasing current amplitude of symmetric, charge-balanced, biphasic stimulus pulses resulted in higher VOR velocities but also increased misalignment between the desired and observed VOR axes of rotation [23] . Typically, we found prosthetic stimuli could evoke VOR responses up to peak velocity without incurring significant misalignment, but more intense stimuli incurred increasing misalignment between the axes of the eye movement response and the head rotation being encoded. Optimizing the tradeoff between dynamic range and axis misalignment of electrically-evoked VOR responses will be necessary if a vestibular prosthesis is to accurately encode 3-D head rotations over the full range of natural head movements encountered in daily life, which often exceed in humans [25] . The stimulus encoding scheme used for each of three dimensions of head rotation converts head velocity about a given semicircular canal axis to modulation of pulse rate f = 1=T on the corresponding electrodes via a piecewise-linear velocity-to-pulse rate mapping meant to efficiently approximate the mean operating characteristic of vestibular nerve afferent fibers.
Stimulus intensity = 100% is depicted here.
The focus of the present study is on design of stimulation protocols that optimize this tradeoff. While efforts continue toward improving performance along other design aspects, it is worth noting that much of the improvement in cochlear implant speech discrimination outcomes over the past 20 years has been due to changes in stimulus mapping protocols independent of changes in electrode design [26] - [28] . Optimization of stimulus timing has also yielded improved results in stimulation of peripheral motor nerve [29] , [30] and retinal ganglion cells [31] .
B. Optimization of the Stimulus Parameters
Although the prosthesis circuitry used for the experiments described in this paper can generate arbitrarily shaped charge-balanced pulses [22] , [23] , we have so far limited our studies to biphasic, symmetric, constant-current-per-phase pulses that are initially cathodic at the working (intralabyrinthine) electrode with respect to a larger distant electrode embedded either in the neck musculature or in the common crus (segment of labyrinth that is part of both the anterior and posterior SCCs) of the labyrinth. Charge balancing the cathodic and anodic phases is necessary to prevent irreversible corrosion of electrodes and deposit metal oxides at the electrode-tissue interface [32] . Pulse-frequency modulated, symmetric, constant-current-per-phase biphasic pulses are defined by four parameters [ Fig. 1(a) ]: pulse frequency, current amplitude, pulse duration (PD) for each phase of the pulse, and duration of the zero-current interphase gap (IPG) between opposite polarity pulse phases.
Single-unit recording studies from all vertebrate species tested so far suggest that most vestibular nerve afferent fibers in each SCC's ampullary nerve encode the component of head angular movement about that SCC's axis via modulation of action potential firing rate by head angular velocity over the frequency range encompassing most head movements [33] - [35] . Accordingly, pulse frequency modulation by head velocity is probably the most appropriate basic scheme for encoding gyro inputs into physiologically meaningful electrode outputs for a vestibular prosthesis. In fact, all prior studies of head-mounted vestibular prostheses have used a variation of pulse-frequency modulation by head velocity [7] , [14] - [20] , [23] , [36] , [37] .
Pulse duration can play an important role independent of the current amplitude and total charge injected by charge-balanced biphasic pulses, particularly for short PD [29] , [32] . Measurements of auditory brainstem response thresholds during cochlear nerve stimulation in guinea pigs [38] showed that doubling PD from 1 to 2 ms reduced the threshold current by an average of only 4.2 dB, instead of the expected 6 dB if the neural activation threshold were dependent only on the total charge of the stimulus pulse. In other words, pulses with shorter PD required less total charge to elicit a threshold response, consistent with classical strength-duration curve descriptions of action potential initiation and other threshold responses to sensory input [39] - [42] . In addition to influencing the amount of charge required to depolarize an axon, varying the PD may also affect spatial selectivity of exogenous current stimuli, as illustrated by both neuromorphic models and experimental data [29] , [31] , [43] , [44] . In the present study, we sought to determine whether this effect manifests in the setting of prosthetic vestibular nerve stimulation as an improvement of VOR axis alignment for shorter PD stimuli.
Multiple groups working with cochlear and motor nerves have reported that as the IPG of symmetric charge-balanced cathodic-first biphasic pulses decreases, a pulse pair becomes less efficient at activating the target nerve cell, so that greater current amplitude is required to exceed the response threshold [45] - [48] . For IPGs that are long compared to PD, the biphasic pulse becomes nearly as efficient as a noncharge-balanced monophasic pulse for eliciting threshold responses in cochlear nerve stimulation [47] , [49] . However, IPG variation seems to only exhibit a minor effect on loudness perception [46] , [48] , [50] . Furthermore, van Wieringen et al. [51] determined in a psychophysical cochlear implant study that there was no significant difference in the spatial selectivity (the region of neurons being activated) of the biphasic pulses for different IPG durations. Given the disparity between IPG effects on auditory nerve single fiber thresholds and psychophysical outcomes, and considering that the fundamental coding scheme used in prosthetic vestibular stimulation differs from that used in the cochlear implants (pulse frequency modulation as opposed to pulse amplitude modulation encoding the envelope of a signal), one cannot easily infer the effect of IPG variation on VOR responses from existing literature on IPG in cochlear implants. We therefore sought to characterize this dependence.
II. MATERIALS AND METHODS

A. Surgery
Five adult wild-type 450-650 g chinchillas (Chinchilla lanigera) were used for all experiments. Surgical procedures were conducted in accordance with a protocol approved by the Johns Hopkins Animal Care and Use Committee and described in detail previously [23] . In summary, under general anesthesia a phenolic post was positioned in the midline perpendicular to the skull at the bregma and embedded in dental cement extruded into each bulla. The post served to restrain the animal during testing. Monopolar stimulating electrodes were inserted in each SCC of one labyrinth in each animal.
The electrode intended for anterior SCC ampullary nerve stimulation was positioned just medial of the anterior canal ampulla. The electrode intended for horizontal SCC ampullary nerve stimulation was inserted into the horizontal canal anterolateral of the horizontal ampulla between the canal wall and the membranous labyrinth. The electrode intended for posterior SCC ampullary nerve stimulation was inserted toward the crista via a fenestration in the posterior canal. A "distant" reference electrode was implanted in neck musculature and a "near" reference electrode was positioned in the common crus. Whichever reference electrode elicited threshold VOR eye movements at the lowest current amplitude was chosen as the reference for all subsequent tests using that SCC electrode.
At the time of electrode implantation, all three SCCs of the contralateral labyrinth were plugged with fascia and bone chips to render that labyrinth insensitive to head rotation. The implanted SCCs were not plugged, so that effects of electrode implantation on SCC and cochlear function could be measured as part of a related study [52] .
B. Measuring VOR Response
We used a real time, binocular 3-D video-oculography (3-D VOG) system modified slightly from one described previously in detail [53] for recording eye movements in response to electrical stimulation of the SCCs. In summary, an array of three fluorescent yellow squares on a black film was placed on the topically anesthetized cornea of each eye using a small amount of veterinary tissue glue (VetBond, 3M Corporation) after application of proparacaine and saline eye drops. Firewire cameras (Dragonfly Express, Point Grey Research) retrofitted with 25 mm focal length, f/2.0 microvideo lenses were used to acquire 500 400 pixel images at 179 Hz for each eye using custom software in LabVIEW.
C. Stimulation Paradigm
The essential scheme by which the Johns Hopkins Multichannel Vestibular Prosthesis version 1 (MVP1) encodes head rotational velocity about each of three SCC plane axes is by modulating the frequency of symmetric, charge-balanced, cathodic-first (at the SCC electrode), constant current pulses [23] . In order to ensure measured responses were due solely to prosthetic input, the head and body were kept stationary during measurements of the prosthetically-evoked VOR eye movements, and the MVP1's gyroscopic signals were replaced with analog signals representing three head rotation components delivered under computer control in a dark room by a USB-3103 DAQ card (Measurement Computing, Norton, MA). In order to selectively probe the response to stimulation targeting a single ampullary nerve, only one channel of the prosthesis was activated in any one set of experimental trials.
Before modulation began, animals were acclimated to a mean baseline pulse rate of 60 pulses per second (pps), which approximates the mean resting firing rate of normal vestibular afferents in chinchilla [33] , [54] and, therefore, allows for a dynamic range of stimulus modulation that is similar to normal. Animals were allowed to acclimate to this baseline stimulation until the frequency of "spontaneous" nystagmus quick phases had fallen to per 30 s of observation, suggesting the animal had adapted to the baseline stimulation. This typically took 1-5 min. Whenever stimulation parameters were changed, we allowed sufficient time (typically min) to elapse for the animal to adapt by waiting until there was no visible nystagmus. Although all biphasic stimulus pulses were presumed to be excitatory in this setting, adapting the animal to a nonzero baseline stimulation rate allowed encoding of both excitatory and inhibitory head rotations by increasing or decreasing the pulse rate about the baseline [18] , [23] .
The pulse rates on each electrode were encoded via a velocity-to-pulse-frequency mapping varying from 0 to 400 pps [ Fig. 1(b) ] designed to roughly approximate the firing pattern of vestibular nerve afferents [55] , [56] . This mapping was piecewise linear on two segments, with inhibitory head rotations of 0 to mapping to 0-60 pps and excitatory head rotations of 0 to mapping to 60-400 pps. Thus, excitatory head rotations elicited an increased dynamic range (5.7X) and gain response than did inhibitory rotations of the same speed, as is the case in normal animals. For all experiments, the pulse frequency was modulated at 2 Hz to represent sinusoidal head movements at 2 Hz. This modulation frequency was chosen because it is within the range for which the VOR is important for gaze stabilization [23] , [57] .
The piecewise-linear relationship we used to relate head angular velocity to pulse frequency causes potential confusion when describing a given modulating stimulus, because, for example, a amplitude sinusoidal head velocity versus time waveform maps to an asymmetric modulation of pulse frequency in which the excitatory half cycles modulate up from 60-173 pps and the inhibitory half cycles modulate down from 60-40 pps. Moreover, our use of computer-controlled inputs to take the place of actual gyro signals precludes the use of actual head angular velocity as the input variable. We therefore report modulation of stimulation pulse frequency in terms of stimulus intensity (SI). An SI of 0% (representing no head movement) refers to stimulation at a constant 60 pps while an SI 100% (representing sinusoidal head movements of peak, at the high end of velocities in typical head movements of normal chinchillas) refers to modulation of the pulse rate from 0 to 400 pps (with a baseline stimulation rate of 60 pps, as before).
Probably due to variation in electrode placement, different implanted SCCs yielded different peak VOR response velocities to a given SI. Analogous to programming a cochlear implant, each stimulating electrode of the vestibular prosthesis can be programmatically mapped to elicit the appropriate VOR gain when stimulated with a given SI by scaling the output voltage of the gyroscopes. For example, an electrode that evokes maximum eye movements of in response to 100% SI might have a velocity-to-pulse-frequency mapping in which peak head velocity would correspond to 400 pps and to 0 pps, thereby eliciting a normal chinchilla VOR gain of [23] , [57] . In contrast, a chinchilla with maximum evoked eye movements of in response to 100% SI might have a mapping in which peak head velocity would correspond to 230 pps and to 30 pps (50% SI) to achieve the same VOR gain of .
D. Pulse-Frequency Modulation
We hypothesized that pulse-frequency modulation of constant-current, constant-charge/phase, biphasic pulse stimuli can encode a wide range of head velocities without significant change in the axis of VOR eye rotation (which presumably approximates the antisense of the perceived axis of head rotation). To test this hypothesis, we measured VOR eye movements in response to SI ranging from 0% to 100% in random order for five implanted SCCs. We delivered 2 Hz modulated pulse trains to the target electrode with and current amplitude equal to halfway between threshold and maximum delivered current (current at which facial twitching was first observed). All pulses were presented asynchronously to avoid overlap of current injection. Misalignment was defined as the minimum angle subtended in 3-D space between the axis of observed eye rotations and the desired axis (the axis of the SCC being stimulated).
E. Pulse Duration and Current Amplitude
To explore the effects of varying current amplitude and PD in vestibular stimulation, we measured VOR eye movement responses to stimulation delivered independently via each electrode using various combinations of the two parameters, while keeping the IPG constant at and using an SI of 100%. For each implanted electrode, nine different current amplitudes were paired with each one of the following PDs: 28, 50, 100, 180, 270, and . The minimum current amplitude used was selected for each PD by steadily increasing the current amplitude on the target electrode until a threshold periodic eye movement was observed. The maximum current amplitude was defined as that at which facial twitching was first observed, which is likely caused by unintended stimulation of the facial nerve (a branch of which courses near the SCC ampullae). Seven equally spaced current amplitudes were selected between the minimum and maximum to adequately sample the eye responses at different current amplitudes. Each combination of current amplitude and PD was then presented to the animal over ten repeated cycles. In order to examine effects solely due to changes in PD and current on the SCC under test, the current amplitude on the two nonmodulating electrodes was set to 0. This process was repeated for the each implanted electrode for each animal. Misalignment was calculated for each PD at a constant eye velocity equal to half the maximum velocity observed for excitation of that SCC.
F. Interphase Gap Experiments
To understand how varying IPG influences VOR responses, we presented pulse trains with IPGs of 25, 50, 75, 100, 125, 150, and , and PDs of or , at a constant current amplitude set to the middle of the range between threshold and maximal stimulation levels described in the previous section. For each selected set of stimulus parameters, the pulse train was modulated at 2 Hz for 10 cycles. The entire experimental stimulation sequence was performed for each implanted electrode.
G. Eye Movement Analysis
Eye movement data were analyzed using a custom software package written in LabVIEW and incorporating 3-D rotational kinematics [53] . The calculated SCC axes [based on (nasal), (left), (superior, perpendicular to mean horizontal SCC plane)] were the left-anterior/right-posterior axis , the right-anterior/left-posterior axis , and the horizontal axis . For eye responses to sinusoidal stimuli, each of these three components were separately averaged cycle-by-cycle for at least eight cycles free of saccades and eye blinks. Occasional trials were corrupted due to the animal falling asleep and were disregarded. Several implanted electrodes were too far from their target nerves to elicit significant responses at reasonable current amplitudes and were not included in our study.
Eye rotation velocity in 3-D was calculated from eye movement data linearly interpolated on a 1 kHz time base and then filtered by a low pass filter (50-order zero phase finite impulse response filter at 40 Hz) and then a running spline interpolation filter (LabVIEW "Cubic Spline Fit" module with balance parameter 0.99999). The angle of axis misalignment was computed as the angle between the positive peak (excitatory responses) eye velocity vector (the resultant vector composed of the three eye movement components) and the desired axis of rotation (the axis of the SCC being stimulated). The same calculations were performed for the negative peaks (inhibitory responses).
H. Statistical Analysis
Statistical analysis was performed using the Matlab Statistics and Optimization packages (Mathworks, Natick, MA). Data sets were modeled using either a linear regression (for eye velocity and misalignment versus SI and IPG) or least-squares fit to a cumulative Gaussian distribution curve (for eye velocity and misalignment versus current amplitude, charge per phase, and each other), with goodness of fit reported as a correlation coefficient or mean-square error, respectively. Aggregate values are reported as mean sample standard deviation (SD).
III. RESULTS
Examples of how spurious stimulation can lead to eye rotation axis misalignment can be seen in Fig. 2 . This figure shows eye velocity responses to 10 cycles of 2 Hz modulation of the stimulation (the animals were not physically rotated) delivered to an electrode implanted in the left horizontal SCC of animal CH205 (A) or the left anterior SCC (B), or left posterior SCC of CH207 (C). The stimulus in each case evoked eye rotations mainly about the intended axis; however, the traces corresponding to components of rotation about the other two SCC axes indicate misalignment between the desired and observed axes of eye rotation response. The velocity of the responses were relatively stable over the course of a given 10-cycle trial The peak-to-peak eye response velocities increased across all implanted SCCs, which was not significantly different from . Fig. 2 also demonstrates that as for VOR responses to head rotation in individuals with a single normal labyrinth [56] , [62] , [63], VOR responses to symmetric sinusoidal gyro inputs in our experiments yielded asymmetric eye movement responses. To quantify this asymmetry, we performed a half-cycle analysis separately considering responses to excitatory and inhibitory half-cycles of stimulation. Across all data sets, the ratio of excitatory response velocity to inhibitory response velocity was mean , which is significantly different from the excitatory to inhibitory response ratio of 1.0 in normal animals . All data summary figures portray excitatory responses; however, trends reported for response velocity and misalignment as a function of PFM, IPG, PD, and current amplitude were consistent for both inhibitory and excitatory half-cycles across all datasets.
A. Effects of Pulse-Frequency Modulation
For the five SCCs tested across three animals, pulse frequency modulation evoked VOR-mediated eye rotations over a wide dynamic range of velocities while maintaining a nearly constant axis of rotation for all stimuli above (Fig. 3) , with a nearly linear dependence of peak excitatory VOR response velocity on SI ( for all excitatory responses; for all inhibitory responses) in every case [ Fig. 3(a) ]. The maximum excitatory response velocity observed at ranged from across different SCCs, which is sufficient to encode the majority of head velocities experienced by a chinchilla [59] or human [60] during typical daily activity. The VOR response axis was approximately constant as the SI increased from to 100%, with a maximum standard devi- Angle measurement error for each SCC axis (depicted in (d) in reference to an animal head) is based on animal measurements [58] . (e) To more clearly depict the consistency of the misalignment across eye response velocities, misalignment with respect to mean response axes to stimuli with SI > 20% for each SCC is plotted against eye velocity. Axis of rotation remains relatively constant for peak excitatory eye responses > 50 =s.
ation of over this range (both excitatory and inhibitory responses) [ Fig. 3(b)-(d) ]. Interestingly, misalignment was worse for less intense stimuli: for and peak VOR response velocities less than , pulse frequency modulation apparently did not accurately encode the intended axis of head rotation axis [ Fig. 3(e) ].
B. Effects of Interphase Gap
For the ten SCCs tested across five animals, varying IPG had no discernible effect on the axis or magnitude of observed evoked eye movements. The effect of varying IPG was studied under two conditions;
[ Fig. 4 (a) and (c)] and [ Fig. 4(b) and (d) ]. For both PD conditions, increasing the IPG from 25-in steps of resulted in no significant changes in either VOR response velocity or axis misalignment. All R2 values were for best fit linear regressions for both excitatory and inhibitory responses.
C. Effects of Pulse Duration and Current Amplitude
Eight implanted SCCs were stimulated with pulses that had PD of 340, 270, 180, or
. Stimulation with shorter PDs re- quires larger current amplitudes, eventually reaching the limits of the compliance voltage available on the MVP1. Thus, measurable eye movements were only elicited for six of the eight implanted SCCs with pulses of and for 1 of 8 with pulses of . Varying PD had significant effects on the observed VOR eye response movements over a wide range of current amplitudes. Fig. 5 shows observed VOR peak velocities during stimulation of the left horizontal SCC of the same animal described in Fig. 2(c For any given VOR response velocity, stimulation with and evoked responses with the smallest misalignments while longer PDs evoked larger misalignments [ Fig. 5(e) ]. This trend was especially apparent for lower-current stimuli, but was consistent across the range of responses observed in seven of the eight tested SCCs. (One dataset showed decreased misalignment with increased current amplitude and charge per phase.) For example, Fig. 6 shows the axis of VOR responses elicited by stimulation of the left horizontal SCC of chinchilla CH205 using PD ranging from to with current amplitude adjusted in each case to elicit a peak eye rotation velocity of (which was half of the maximum observed eye velocity for this SCC). Misalignment increased monotonically with increasing PD, from 19 at to 36 at . This trend of increasing misalignment with increasing PD for a given velocity was observed across all analyzed SCCs to have an increasing slope of for excitatory responses and for inhibitory responses [ Fig. 7(a) ]. The mean slopes were significantly different from 0 ( for both). Changes in PD had a more pronounced effect (a steeper slope of a regression line fit to a misalignment versus PD plot) for SCC datasets that had responses with large misalignment even under their best conditions. As Fig. 7(b) shows, this relationship is statistically significant: when the slopes of regression fits in Fig. 7(a) are plotted versus the misalignment observed at a low PD , the best fit linear regression line to the resulting data has positive slope and . These results show that an electrode eliciting highly selective stimulation and low misalignment (probably because it was fortuitously implanted very close to its target ampullary nerve) maintains low misalignment over a wide range of PD, while the responses for an electrode that is less selectively coupled to its ampullary nerve target can be optimized by using the shortest PD achievable.
Four of the implanted SCCs were stimulated relative to a "near" reference electrode and the other four were stimulated relative to a "distant" reference electrode (Table I) . This study was not designed to systematically study effects of near versus far return electrodes, so only a single reference arrangement was used for each case. No significant effect was observed for "near" versus "far" reference conditions for the eight animal/SCC combinations studied ( for all conditions). It is important to note that lack of finding a significant difference between two subgroups in a post-hoc statistical analysis for which the study was not designed does not constitute adequate support to draw a strong inference regarding whether "near" and "far" references would yield significantly different results in a large sample population.
IV. DISCUSSION
The goal of this study is to provide guidance for the design of a vestibular prosthesis stimulus protocol that can effectively restore head motion sensation to individuals disabled by bilateral loss of vestibular function. While quantitative differences in optimal parameters between chinchillas and humans are likely, the relative importance of different stimulus parameters is probably conserved across species. We therefore sought to identify a key subset of stimulus features that can allow encoding of head velocity (i.e., gyro inputs) over a wide dynamic range with minimal misalignment.
A. Pulse-Frequency Modulation (PFM) as the Basic Code
Ideally, a vestibular prosthesis intended to restore SCC function should engender vestibular nerve activity that accurately encodes head rotations in three dimensions over the full range of speeds and directions encountered in typical daily activities. Consistent with prior studies [18] , [23] , we confirmed that PFM is an appropriate basis for a stimulation strategy because it elicited VOR responses over a wide dynamic range of velocities (as high as ) with a relatively constant axis of rotation for SIs between and 100% (Fig. 3) . While modulating other stimulus features might enhance or fine tune responses, we conclude that pulse-frequency modulation by head velocity should be the fundamental coding paradigm. This is a departure from the standard approach used in cochlear implants, which generally involves an amplitude-modulation scheme (e.g., continuous interleaved sampling). Employing such a strategy in the vestibular prosthesis would likely lead to undesirable variations in misalignment as the current is modulated [ Fig. 5(c) ].
Observed VOR axis misalignment was larger for SI less than . For the smallest responses elicited at very low SI, the apparent increase in misalignment may have been due to difficulty in accurately measuring the axis of rotation. However, the increased misalignment was apparent even when responses were well above our eye movement measurement system's velocity noise floor ( rms, peak in each dimension) [53] , and we have observed similar effects in recent experiments using scleral search coils in rhesus monkeys [61] . It should be noted that when the axis of eye rotation was misaligned with the intended axis of rotation, it always shifted toward one or both of the other two (nontarget) SCC axes [ Fig. 3(c) ]. This supports the interpretation that misalignment is caused by current spread to the nontarget SCCs' ampullary nerves. Furthermore, it is likely that posterior SCC stimulation generally elicited the lowest misalignment because its nerve is located relatively far from the other two SCCs' nerves.
Even though the PFM was quasi-sinusoidal in shape, some inhibitory responses exhibited nonsinusoidal characteristics (e.g., inflection point part-way through inhibitory half-cycle) that did not become more sinusoidal over time [ Fig. 2(c) ]. This may have been due to the implementation of a piecewise-linear velocity-to-pulse-rate mapping [ Fig. 1(b) ] as opposed to a continuous, sigmoidal mapping, which did not elicit this effect [18] , [23] .
Without performing single-unit recordings from vestibular afferents or interneurons, we cannot know exactly how our pulsatile stimuli interact with spontaneous activity on afferent fibers. However, some reasonable hypotheses can be drawn from available evidence [47] , [64] . For low stimulus pulse rates Fig. 8 . The relationship between PD and current required to elicit eye rotation at a specified peak excitatory response velocity is well described by a family of classic strength-duration curves with time constant 118 s. [29] , [40] , [41] .
and pulse amplitudes well above threshold, total spike rate is probably close to a simple sum of exogenous and spontaneous rates, so down-modulation of prosthetic input to zero probably cannot reduce actual spike rates below the innate spontaneous activity (which after intratympanic gentamicin is typically about half of pre-injury spontaneous rates) [56] , [65] . A saturating nonlinearity probably occurs for high exogenous pulse rates (e.g., when the inter-pulse interval is much shorter than the spontaneous inter-spike interval), so up-modulation of prosthetic input to more than twice the innate spontaneous rate probably results in synchronized firing of all super-threshold regular afferents at the exogenous pulse rate, while the faster after-hyperpolarization potential recovery of irregular afferents might result in a persistent contribution of innate, irregular spontaneous activity that becomes relatively small as exogenous rates rise.
B. Short Pulse Duration Requires Less Power and Elicits Less Misalignment
Pulses with shorter PD required less charge per phase to elicit equivalent given peak VOR velocity response than did longer PD pulses. This observation is in agreement with classical strength-duration characteristics described for electrical stimulation studies in other sensory modalities, as initially posed by Lapicque [40] , [41] , significantly refined by Hill [39] , and recently reviewed by Merrill et al. [32] . As shown in Fig. 8 , the current amplitude required to elicit a given peak VOR response velocity depends on PD according to a logistic type function similar to that Grill and Mortimer [29] adapted from Lapicque's original description (1) where rheobase current (equal to 98, 119, 137, for peak velocity of 50, 80, 120, , respectively) and ô is a time constant (
; all values were obtained through a least-squares fit constrained to uniform .) Using shorter PD stimuli requires passage of less charge and encounters lower electrode impedance (because metal-saline interfaces are dominated by capacitive reactance for our stimuli).
Therefore, using shorter PD should require less power (as long as the compliance voltage required to achieve higher currents is available) and could conserve battery life of a head-mounted device. Pulses with shorter PD and lower charge per phase are also less likely to generate corrosive electrochemistry byproducts [32] . Finally, shorter PD's also yield a benefit in that they allow higher pulse rates and nonoverlapped interleaving of stimuli on a larger number of electrodes.
The fact that stimulation with pulses of shorter PD resulted in a decreased VOR response axis misalignment for a given VOR response velocity suggests that shorter PD results in more spatially selective excitation of the targeted ampullary nerve. This effect is consistent with electrical stimulation studies in the sciatic nerve [66] , auditory nerve [43] , and retinal ganglion cells [31] . A neuromorphic model proposing a biophysical basis for this phenomenon has been described by Grill and Mortimer [29] .
In two of the eight implanted SCCs, changes in PD did not significantly change the VOR response axis [ Fig. 7(a) ], CH207LA and CH207LH). In both of these cases, the misalignment was less than 13 for all PD values tested. This probably indicates fortuitous surgical placement of the stimulating electrodes very close to their target ampullary nerves, resulting in little spurious stimulation of neighboring nerve branches. While such accurate placement is always a goal, it cannot always be realized. As shown by the data in Fig. 7 , cases in which spurious stimulation is problematic (probably electrodes positioned almost equidistant between target and nontarget nerve fibers) benefit the most from shifting to the shortest PD possible.
C. IPG has no Effect Over the Range Tested
Variation of IPG had essentially no effect on VOR response velocity or axis over the range of IPGs tested (25- ). This observation is consistent with analogous studies conducted on cochlear implants over a similar range of IPGs, which reported that as the IPG of the stimulation waveform was increased from 45 to , current amplitude required to maintain perception of equal loudness increased by only 0.3 dB [45] , [46] . A minimal effect of IPG on misalignment was also consistent with a psychophysical study conducted in cochlear implant patients by van Wieringen et al., who found that varying the IPG in cochlear implants did not significantly influence the spatial selectivity of the stimulation pulses [51] . We suspect that an IPG of would result in higher thresholds than we observed at IPG of ; however, this was not explored because the control code of the prosthesis used for this study required a minimum IPG of .
D. Complements to Optimization of Stimulus Timing
While our focus in this study has been on optimization of stimulus timing, performance of multichannel vestibular prostheses will likely be improved along multiple lines of development. Several techniques have been proposed to simultaneously enhance dynamic range and decrease misalignment of prosthetic vestibular stimulation. 1) Improvements in electrode design and surgical technique can help place stimulating electrodes in closer vicinity to target nerve branches, thereby increasing an electrode's coupling with the target nerve and better isolating it from nontarget nerve branches (e.g., [67] , [68] ). 2) Multipolar electrode paradigms can "steer" stimulus current toward target nerve branches and away from others [69] . 3) Orthogonalizing the coordinate system using linear algebra techniques can partly correct for misalignment due to current spread by specifying the correct combination of stimulus intensity on each of three SCC electrodes to engender the desired response through vector superposition [21] . 4) Rehabilitation exercises designed to augment and better align gaze stabilizing reflexes through central adaptive mechanisms can improve overall gaze stability despite the distorted vestibular nerve activity engendered by prosthetic stimulation [15] , [16] , [70] , [71] . 5) Exploiting differential sensitivity of regular and irregular vestibular afferent fibers to electrical stimuli might present the central nervous system with a pattern of neural activity that more closely recreates the firing patterns generated by a normal inner ear [64] , [72] .
In light of experience with optimization of cochlear implant performance [26] , restoration of stable gaze and posture in individuals disabled by loss of vestibular sensation will likely require some combination of several of these approaches. While specific values reported herein depend on microanatomy, electrode location and degree of neural survival in each case, qualitative aspects of these findings will likely hold true across species, including humans. He has since been a clinician-scientist and an Associate Professor of Otolaryngology-Head and Neck Surgery and Biomedical Engineering at the Johns Hopkins University School of Medicine, where he directs the Johns Hopkins Vestibular NeuroEngineering Lab. As a practicing surgeon, he specializes in treatment of disorders of the inner ear. His clinical interests include restoration of hearing via cochlear implantation and management of patients who suffer from vestibular disorders. His research centers on development of a multichannel vestibular prosthesis intended to restore inner ear sensation of head movement. His published works also include studies characterizing inner ear physiology and anatomy; developing novel clinical tests of vestibular function; and clarifying the effects of cochlear implantation, superior canal dehiscence syndrome, and intratympanic gentamicin therapy on the vestibular labyrinth.
Dr. Della Santina received an American Otological Society Clinician-Scientist Award, the Robert Bárány Society Young Scientist of the Year Award, the American Neurotology Society Frank M. Nizer Lectureship, the ENTER Foundation Award for Innovation in Otolaryngology, the ENT-UK Gordon Smyth Lectureship, and induction into the American Otological Society.
